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Threshold of Calcium Disturbances After Focal Cerebral Ischemia in Rats
Implications of the Window of Therapeutic Opportunity T.J. DeGraba, MD; P.T. Ostrow, MD; J.C. Grotta, MD Background and Purpose: One explanation for inconclusive results with calcium channel blockers in human acute stroke trials may be incomplete information about the time course of calcium-mediated ischemic neuronal injury. This study explores the temporal relation between duration of focal ischemia and the functional activity of increased intracellular calcium as measured by calcium-calmodulin binding.
Methods: Calcium-calmodulin binding, determined by immunohistochemical assay of free calmodulin, was measured in 60 male spontaneously hypertensive rats after 2 minutes and after 1, 2, 4, and 24 hours of permanent tandem common carotid and middle cerebral artery occlusion, and after 1 and 2 hours of reversible middle cerebral artery occlusion followed by 1 and 22 hours of reperfusion, respectively. Light microscopic histological damage was measured after 1 hour of occlusion with 23 hours of reperfusion and after 24 hours of occlusion.
Results: Significant loss of calmodulin staining in the core of the infarction was noted by 1 hour and became maximal after 4 hours of ischemia. No reversal of calmodulin staining loss was noted after reperfusion following 1 and 2 hours of ischemia. Cortical necrosis seen by light microscopy correlated well with the area of maximal calcium-calmodulin binding. The 
Materials and Methods
Male spontaneously hypertensive rats (n=80) weighing 250 to 300 g were subjected to fasting overnight, with free access to water; they were anesthetized with chloral hydrate intraperitoneally before surgery. The femoral artery was cannulated with a polyethylene catheter for blood pressure monitoring and serial blood gas sampling. A microprobe was used to monitor skull temperature, which was maintained with a heating lamp and warming blanket at 37+0.5°C (as was the rectal temperature). The right common carotid artery (CCA) was isolated through a midline ventral cervical incision and tagged with 3-0 silk. An incision was made perpendicular to a line between the external auditory canal and the lateral canthus of the right eye through the temporalis muscle, which was retracted with 4-0 silk. Under direct visualization with a Zeiss surgical microscope, the right middle cerebral artery (MCA) was exposed through a 1 x 3 -mm burr hole drilled 2 to 3 mm rostral to the fusion of the zygomatic arch with the squamosal bone. A continuous 0.9% saline drip was maintained over the drilling site to prevent thermal injury to the underlying brain tissue. Once the MCA was visible through the transparent bone layer, a jeweler's forceps was used to remove the remaining bone. A 23-gauge hypodermic needle was used to pierce and open the dura along the entire length of the burr hole.
The method for producing reversible ischemia was a modification of the procedure described by Kaplan After variable durations of focal MCA occlusion, significant Ca-CaM binding represented by loss of CaM staining (increased CaM staining "grade") was noted by 1 hour of ischemia and was maximal by 4 hours (Fig 1) (Fig 1) . After 2 minutes of focal ischemia, the cortical tissue was found to have little-to-no loss of CaM staining. By 2 hours or more of focal ischemia, significant loss of CaM staining was seen in the central core of all rats. A variable response to ischemia, however, was seen in the groups of rats exposed to 1 hour of occlusion and 1 hour of occlusion with 1 hour of reperfusion, suggesting that a threshold of up to 1 hour of focal ischemia exists in this model before extensive Ca-CaM binding occurs. A similar phenomenon was noted after severe global ischemia, although after a much shorter duration of ischemia (10 minutes). 3 The area of infarction measured by hematoxylin and eosin staining correlated very closely with the area of the "'central core" of extensive CaM staining loss after 24 hours of ischemia (Fig 2, A and B) . Areas of milder loss of CaM staining (considered border zone areas) did not show up as infarct in comparable slices by hematoxylin and eosin staining after 1 hour of occlusion and 23 hours of reperfusion (Fig 2, C and D) . Histological necrosis occurred only in areas that also showed significant loss of CaM staining.
Discussion
The observation that neuronal damage seen by light microscopy does not become maximal for up to 72 hours or more after 10 to 30 minutes of global ischemia has led to the perception that calcium-mediated events triggered by such brief but complete ischemic insults may take many hours to become maximal and therefore may The infarct volumes recorded in the present study are smaller than those reported by other investigators using a similar model of ischemia.12, '4 We believe that this is predominantly a function of our use of the paraffinembedding technique (rather than frozen sections), which eliminates much of the water content from the brain tissue. Also, our method of computer analysis of volume is based on a conal estimation as opposed to the traditional square section volume averaging. As can be seen in Fig 2, the percent area of infarction is in fact comparable to that in previously published reports.12 '14 In conclusion, to the extent that our animal model reflects conditions of focal ischemia in humans, our data indicate that if left untreated, irreversible calciummediated damage occurs after 1 hour of MCA occlusion even if perfusion is reestablished. After MCA occlusion, maximal calcium-mediated damage occurs by 4 hours. These data provide the biological basis for establishing a theoretical window of opportunity for therapeutic intervention aimed at limiting early events activated by Ca-CaM binding.
Editorial Comment
There is substantial evidence that excess calcium influx is an important event in ischemic cerebral damage, probably because many vital enzyme systems are calcium dependent. Dr DeGraba and colleagues have been investigating this process by measuring calciumcalmodulin binding. Calmodulin is one of the calciumactivated enzymes that appears to play a role in cell damage. The authors are not claiming that calmodulin is the critical step, although that is possible, but simply that calcium binding to this enzyme is a good marker of injured cells.
Evidence supporting this contention includes loss of binding in the core of the ischemic area in this rat model of focal ischemia. Irreversible loss of binding begins within 1 hour and becomes maximal within 4 hours. It is clear from many other investigations that permanent
